CuIn 1Ϫx Ga x Se 2 ͑CIGS͒ is a leading candidate for high-efficiency solar cells, yet the defects and electronic structure that define performance are relatively unexplored. We employed low-energy depth-resolved cathodoluminescence to measure the local band and defect properties of epitaxial CIGS films having ͑002͒, ͑220͒/͑204͒, or ͑112͒ orientations on GaAs substrates. Along with a near-band-edge emission, room-temperature luminescence spectra for all epitaxial samples reveal a well-defined deep-level transition confined within ϳ100 nm of the surface. The intensity of this defect-related feature reaches a maximum at the surface relative to the near-band-edge peak. Polycrystalline CdS/CIGS/Mo/glass and CIGS/Mo/glass solar-cell layers were also studied. These exhibit a weaker deep-level emission modulated by CIGS-thickness-related optical cavity effects. The integrated intensity of this emission relative to the near-band-edge peak intensity is also a maximum at the surface and decreases into the sample. A strong deep-level emission due to CdS was also observed decaying with depth relative to the near-band-edge emission of the CIGS. The CdS emission was the only significant change in the polycrystalline emission spectrum with and without the CdS layer. The observed behavior is consistent with the existence of a nanoscale near-surface defective region whose properties can impact charge generation and recombination in solar energy-generating structures.
I. INTRODUCTION
CuIn 1Ϫx Ga x Se 2 ͑CIGS͒, a I-III-VI 2 chalcopyrite crystal, is currently among the primary candidates for the absorber layer in large-and small-area thin-film photovoltaic power generators. CIGS is distinguished by one of the highest conversion efficiencies and a remarkable environmental endurance. Nonetheless, there are substantial challenges related to a lack of reproducibility. Furthermore, despite extensive research over several decades, the microscopic properties of the electrically active junction remain relatively unclear. In this article, we address how the near-surface chemical and surface morphological properties of CIGS may affect its optoelectronic properties. The importance of this issue is apparent in view of the difficulties in explaining the physical nature of the barrier occurring at the CdS/CIGS heterojunction. Whether the p-n junction is a heterojunction in nature, or whether some sort of modified n-type surface layer is formed at the CIGS side is still under discussion with few experiments to assist in solving the debate. [1] [2] [3] As a first step, one must understand what near-surface compositional and structural characteristics are essential for device performance in order to develop a reliable working model that can reproduce the device results.
In order to understand the properties of CIGS/CdS heterojunctions, we began by investigating uncoated single-crystal CIGS surfaces. We complemented those results with measurements on uncoated and CdS coated polycrystalline CIGS layers. Here, we report experiments characterizing the morphological, compositional, and optoelectronic properties of the CIGS free surfaces, as well as optoelectronic properties of the subsurface ͑i.e., outer few tens of nm͒ and CdS/CIGS heterojunction regions. For all of the specimens studied, we present evidence of a 50-100 nanometer-scale layer below the free CIGS surface with altered electronic defect composition.
II. EXPERIMENT
Two types of samples were investigated. Specimens of the first type with an uncoated CIGS surface were chalcopyrite epilayers grown on GaAs wafers by a hybrid sputtering and evaporation technique from Cu, Cu-Ga, and In magnetron sources and a Se effusion cell. The detailed description of the apparatus and the procedure appear elsewhere. 4 Three different orientations-͑001͒, ͑110͒, and ͑111͒-of GaAs were used for the epitaxial growth. The resulting films were ϳ750 nm thick and had ͑002͒, ͑220͒/͑204͒, and ͑112͒, orientations respectively in tetragonal notation. The CIGS single crystals all showed good-quality x-ray rocking curves. Average compositions, listed in Table I , for each sample were determined by energy dispersive spectroscopy ͑EDS͒. EDS measurements were conducted in a Hitachi S4700 scanning electron microscope equipped with an EDS system. EDS analyses were conducted at a primary beam energy of 20 keV. All analyses applied the atomic number, absorption and florescence corrections to the signals and were calibrated against 2.7 m thick uniform-composition standard samples supplied by the National Renewable Energy Laboratory. The compositions of the standard samples were determined by wavelength-dispersive spectroscopy. Typically, a small amount of signal is detected from the substrate under these conditions which can be accounted for based on the detected As level as there is no As in the films ͓as determined by secondary ion mass spectrometry ͑SIMS͔͒. Thus, in particular, the measured Ga content represents an average over the thickness of the film, although absorption of incident electrons and florescent x rays tends to favor the near-surface region somewhat. All the samples were group-III rich and had a p-type bulk conductivity. The hole concentrations varied within 10 Ϫ16 -10 Ϫ17 cm Ϫ3 with the Hall mobilities of ϳ300 cm 2 /V s at room temperature for the ͑112͒ and ͑002͒ samples and ϳ100 cm 2 /V s for the ͑220͒/͑204͒ sample. The present choice of the Ga/͑InϩGa͒ ratios corresponds to the relative abundances found to produce record cell efficiencies. Indeed, the gallium/group III ratio is the primary factor controlling the band gap of CIGS. 5 The energy of the band gap is provided in the last column of Table I for each Ga/͑In ϩGa͒ ratio in accordance with Ref. 6 .
Samples of the second type were polycrystalline CIGS with and without a CdS coating prepared using multisource evaporation. The structures consist of a molybdenumcovered soda-lime glass substrate, over which a 2.50 m thick polycrystalline CIGS layer was deposited. In one sample, a 60 nm thick CdS layer was added by chemical bath deposition. 7 This structure is virtually identical to that from which the current record solar cell 8 was produced. The cathodoluminescence spectroscopy ͑CLS͒ experiments were performed in an UHV chamber equipped with a cold stage. The electron beam with variable energy and flux was electronically chopped to improve signal detection. Details of the experimental apparatus appear elsewhere. 9 A Carl Leiss single-flint-prism monochromator dispersed the cathodoluminescence ͑CL͒ intensity for spectral analysis. Liquid-nitrogen-cooled Ge and thermoelectrically cooled S-20 detectors coupled to a Stanford Research lock-in amplifier detected the CL emissions. All the CL spectra were normalized for the transmission of the optical train. A Digital Instruments microprobe provided atomic force microscope images.
III. RESULTS

A. CIGSÕGaAs epilayers
CIGS epilayers deposited on GaAs substrates exhibit strong differences in surface morphology as a function of growth orientation. Figure 1 shows atomic force microscopy ͑AFM͒ scans for the three different orientations. For the ͑112͒ samples, one can see smooth pyramids spaced roughly 5 m apart and ϳ80 nm high. The ͑002͒ surfaces appear to be flat terraces 0.5-1.0 m wide separated by 100-200 nm troughs. Elongated pit-and-furrow ripples can be observed, associated with inclined ͑112͒ polar planes. The ͑220͒/͑204͒ surfaces exhibit rough ledges 100 nm high, spaced 150 nm apart. The two polar ͕112͖ facets, selenium-or metalterminated, produce these ledges. A comprehensive analysis of the AFM data on the CIGS epilayers is presented in a separate paper. 10 As can be seen from these AFM images, the ͑112͒ surface is the smoothest with a root-mean-square ͑rms͒ surface roughness of ϳ10 nm. The ͑220͒/͑204͒ surface is the roughest ͑ϳ40 nm rms͒. The scanning electron microscopy images ͑not shown͒ are in good agreement with the AFM results. All the characteristic features observed in the AFM surface topography, i.e., smooth pyramids for the ͑112͒ orientation, flat terraces, and pit-and-furrow ripples for ͑002͒, and rough ledges for ͑220͒/͑204͒ appear consistently in the secondary electron images.
It would be quite natural to assume that these distinctions in surface morphology may bring in differences of the types of planar and point defects present, and variations in their depth distribution. In order to determine whether these variations in surface morphology lead to differences in electronic defects, we used a low-energy, depth-resolved form of CLS, low-energy electron nanoluminescence ͑LEEN͒ spectros- copy, as the primary tool to probe the optoelectronic properties of the surface and their variations in depth. The LEEN technique is based on the dependence of excitation depth with electron-beam energy, which increases on a keV scale. 
FIG. 3.
͑a͒ Room-temperature LEEN results for CIGS͑112͒ epilayer. Two emission types are observed-an NBE emission and a DL emission. All three orientations reveal major similarities in their CL spectra: Relative intensity of the NBE signal decreases with depth. The energy separation between two main spectral features is ϳ200 meV and varies slightly with orientation. ͑b͒ Temperature dependence of the CL signal shown for the ͑002͒ sample employing E B ϭ1.5 keV. Relative intensity of the DL emission increases at lower temperature.
near-band-edge ͑NBE͒ emission and a deep-level ͑DL͒ feature. These major spectral features are similar for the other orientations. This similarity is remarkable, considering the substantial differences in surface morphology of the samples. NBE refers to emission from near-band-edge optical transitions, including not only conduction-to-valence band but also any shallow defect, donor-, or acceptor-bound exciton transitions that may lie within the broad emission peaks we observe. Figure 3͑a͒ shows a pronounced decrease in DL relative to NBE intensity with increasing E B and penetration depth, indicating a spatial dependence. Furthermore, Fig.  3͑a͒ shows that the NBE peak energy shifts significantly to the higher energy with an increasing excitation depth.
LEEN experiments were also run with the sample stage cooled to 180 K. Figure 3͑b͒ shows a typical temperature variation of the CL spectra demonstrating an increased DL emission intensity at lower temperatures. These measurements are evidence for different thermal quenching behaviors of the DL and the NBE peaks.
Perhaps the most important aspect of Fig. 3͑a͒ is that the DL intensity relative to the CIGS NBE emission intensity decreases with an increasing depth of excitation. This behavior is observed for all CIGS epilayer orientations, regardless of surface morphology. We calculated the DL versus NBE intensity ratios in the following manner: For all the spectra, a constant background, equal to the average signal at the highenergy end, was subtracted. The peak intensities were then calculated by integrating the remaining spectral peaks over equivalent energy intervals. The intensity minimum between the peaks served as a separation point. Figure 4͑a͒ shows such DL/NBE ratios as a function of electron-beam energy E B . The decrease in I͑DL͒/I͑NBE͒ with increasing E B indicates that DL emission resides preferentially in a surface and subsurface layer less than a hundred nm thick. The error bars are associated primarily with a slow, time-dependent decrease in the NBE emission with electron-beam exposure and, to a lesser extent, with slight sample-to-sample variations. DL emission intensity does not change with beam exposure. These results provide a very strong indication that, despite modest differences in composition and significant differences in surface morphology, we observe a consistent behavior: Formation of a surface layer tens of nanometers thick with altered electronic properties and a relatively strong DL signal.
The measured NBE energies for all the samples are consistent with those expected based on the specimen stoichiometries shown in Table I . The NBE energy for the ͑220͒/͑204͒ orientation ͑not shown͒ is ϳ1.12 eV, and for the ͑002͒ orientation, it is ϳ1.16 eV. Since the value of the CIGS band gap energy is sensitive to the Ga-to-group-III ratio, this NBE energy is expected to vary for the different orientations, which have different Ga/͑InϩGa͒ ratios. The values of the NBE emission energies ͓see Fig. 4͑b͔͒ and, hence, the values of the band gap measured by LEEN are reasonable based on the predicted energy gap values 5, 6 determined from the bulk stoichiometry. All emission energies fall below the ideal band gap energy for a given sample composition, but get closer to the theoretical values with the increase of the LEEN incident energy, i.e., deeper into the bulk. ͓Also, see Fig.  3͑a͔͒ . One factor that contributes to this discrepancy is depth variations of Ga abundance. We observed dependences on depth of the NBE energy for all the samples, which was indicative of the Ga gradients of about 1% increase per ten nanometers of depth. SIMS depth profiles of these samples ͑not shown͒, as well as other published SIMS results, 10 also show increasing Ga with depth into the films. The Ga/͑In ϩGa͒ atomic ratios change by ϳ66% over the depth of the epitaxial samples, increasing roughly linearly with depth. The composition ratio remains roughly constant or decreases slightly with depth into the films in the case of the polycrystalline samples. A second contributing factor for the NBE emission being lower than the ideal gap is because of bound exciton energy effects.
B. Polycrystalline "CdS…ÕCIGSÕMoÕglass films
We also applied LEEN analysis to device-type polycrystalline CIGS with and without a CdS overlayer. AFM images ͑not shown here͒ of the top surface of this structure reveal relatively large surface roughness with the rms value ϳ40 nm. Irregular formations hundreds of nm high and submicron-to-micron lateral features dominate the morphology.
The addition of a CdS cap on one sample layer did not change the morphology significantly, confirming that the CdS cap is highly conformal, as expected. The thickness of the CdS layer ͑ϳ60 nm͒ makes it well suited for probing with LEEN since the interface is easily distinguished from   FIG. 4 . ͑a͒ Depth distribution of the DL emission normalized to the NBE intensity. This systematic dependence shows that for all the samples, despite their differences in composition and surface morphology, we observe a layer with properties modified within top hundred nanometers. ͑b͒ CIGS band gap variation vs composition as measured by LEEN. The experimental values of the band gap are in good agreement with the predicted values based on the bulk stoichiometry. Measured NBE energies approach theoretical values as the incident electron-beam energy increases. This is indicative of Ga concentration gradients.
CdS surface features at energies that retain nanoscale localization.
The main features of the depth analysis for the CIGS/CdS heterojunction sample appear in Fig. 5͑a͒ . They are: A broad CdS DL band at 1.6 -1.7 eV, a CIGS NBE emission at 1.15 eV, and multiple peaks below the CIGS NBE. Figure 5͑a͒ shows that the strong DL emission in the CdS decays with depth relative to the CIGS NBE emission, which increases strongly as the probe depth increases. An optical interference model of the CIGS suggests that the multiple peaks below the NBE can be explained as resonance interferences as discussed next.
Monte Carlo calculations provide the LEEN energy-range relationship in Fig. 5͑b͒ and indicate the distribution of excited electron-hole pairs within the p-n junction geometry. Figure 5͑b͒ indicates that excitation of the buried CIGS layer is not expected to have a significant spectral contribution until E B exceeds 1.5 keV. The appearance of a NBE emission in Fig. 5͑a͒ for energies in which all electron-hole pairs are created in the CdS is an indicator of the diffusion length of minority carriers, as discussed next.
LEEN spectral features in Fig. 6͑a͒ of a polycrystalline CIGS surface without CdS are similar to those in Fig.  5͑a͒ -a pronounced NBE luminescence together with lowerenergy interference fringes, indicating that the low-energy emissions are due to the CIGS, not the CdS. Juxtaposition of the spectra obtained for both epilayer and polycrystalline CIGS reveals a remarkable congruence of the low-energy spectral range, which will be discussed next. We note, that the difference between the NBE peak positions for epilayer and polycrystalline samples ͑ϳ100 meV͒ is due to dissimilar Ga/͑InϩGa͒ ratios. Naturally, the broad higher-energy emissions associated with the DLs of CdS are not observed.
In Fig. 6͑b͒ , we present a depth distribution of the lowenergy emissions in the polycrystalline CIGS normalized to the NBE intensity, equivalent to the plot of Fig. 4͑a͒ for the epilayer CIGS samples. For each electron-beam energy, ͑af-ter high-energy-end background subtraction͒, we calculated integrated intensity of the multiple fringes and divided it by the integrated NBE peak intensity. Integration was performed over equivalent energy intervals, and a separation point was the minimum between the highest-energy fringe and the NBE feature. Time dependence similar to that in Fig. 4͑a͒ was observed. The depth dependence in Fig. 6͑b͒ is another indication of the materials optoelectronic properties modified within the top hundred nanometers.
IV. DISCUSSION
In CIGS, the properties of the surface strongly depend on the bulk stoichiometry. For example, surfaces of Cu-rich CIGS are partially covered by Cu 2 Se second phases. CIGSbased solar cells employ InϩGa-rich chalcopyrite layers with Cu/͑InϩGa͒ ratios similar to the ones in the current study. For bulk group III-rich materials, there is evidence 1, 2, 12 for the existence of an InϩGa-abundant surface region, although the nature and extent of this layer remains in doubt. Whether this altered surface constitutes a true separate phase or not is a matter of continuing debate. Our Auger measurements reveal a Cu-deficient surface composition, consistent with such a situation. The LEEN-based observations described herein suggest that we may be detecting the properties of such a surface layer in the CIGS. Figures 3, 4 , and 6 explicitly demonstrate that there is a nanometer-scale layer with relatively high defect emissions in both single crystals and polycrystals. This phenomenon is apparently insensitive to the associated crystal growth orientation and the surface morphology. Sample-to-sample bulk composition deviations ͑see Table I͒ fect, as well, despite the fact that even slight variations of the Cu/͑GaϩIn͒ ratio may affect the positions of the emission peaks for In-rich materials. 13 It should be noted that the strong dependence of surface morphology on crystal orientation is not unexpected. This phenomenon results from the differences in surface stability in different crystallographic directions. The most stable surface facets are formed by one of the two ͑112͒ surfaces, either Se or metal terminated. This high stability of the ͑112͒ planes leads to termination of most surfaces with those polar facets and explains the observed differences in epilayer surface morphologies. 10 It is reasonable to assume that a high near-surface concentration of defects causes the DL peak. Such defects may, in turn, be associated with or modified by the anticipated nearsurface-type conversion. It has been established ͑see, e.g., Refs. 14 and 15͒ that the charge carrier concentration in the group III-rich CIGS epilayers is well below the values one would expect from the bulk stoichiometry deviations. Formation of a large number of electrically neutral defect complexes such as ͓V Cu Ϫ1 (In,Ga) Cu 2ϩ V Cu Ϫ1 ] 2,16 is expected to produce such a low density of holes. The probability of formation as well as the self-arrangement of these complexes can be significantly affected by the proximity of the surface, possibly leading to formation of a distinct surface phase. Since the surface layer is believed to be significantly less p type or even to have an inverted, n-type conductivity ͑i.e., n-type in an otherwise p-type semiconductor͒, the surface concentration of donors should exceed the bulk values. Although thermally quenched relative to emission at a low temperature ͓see Fig. 3͑b͔͒ , the DL emission is observed even at room temperature and is likely to be related to a free-tobound transition rather than a donor-acceptor pair. The latter transitions are observed in photoluminescence spectra at lower temperatures and reveal characteristic bound-to-bound behaviors, e.g., energy and shape changes with temperature and laser intensity. Our temperature-dependent and excitation intensity-dependent photoluminescence studies, which will be published elsewhere, are more consistent with boundto-free interpretation. The origin of a deep donor defect, separated by ϳ200 meV from the bottom of the conduction band, is not well established. Nonetheless, a reasonable assignment can be made, based on previous theoretical predictions. Among a variety of defects possible in CIGS, two are consistent with both the observed energy and the known sample stoichiometry. Zhang et al. 16 find that In Cu ϩV Cu pair has a donor level 0.2 eV below the conduction band edge and In Cu has a donor level 0.25 eV below the conduction band edge. This agrees quite well with our observed DL energy. Furthermore, it is consistent with the CIGS Cu-deficient composition. Recent capacitance transient measurements also confirm the presence of such a donor level in several samples. 17 Other possibilities include a Cu i donor, V In and Cu In acceptors, as well as some other native defects related to the Se sublattice. For instance, Cu In formation is favorable in the n-type region, and many authors consider this acceptor as a possible candidate responsible for the emission 200-250 meV below the band gap ͓e.g., Refs. 18 and 19͔. In any case, the results of this study clearly show a DL defect situated ϳ200 meV from a band edge, although there is yet no consensus on its donor or acceptor nature.
An ordered vacancy compound ͑such as CuIn 3 Se 5 ) is another possibility for the subsurface phase. Such compounds were reported to form at the surface of an In-rich material 1, 12, 20 and have band gaps several hundred meV greater than that of the stoichiometric I-III-VI 2 . In our experiments, we found no such emission above the NBE of CIGS. Apparently, if present, this phase does not have any detectable emission associated with the band-to-band transitions in either the polycrystalline or single-crystal samples. Thermal quenching experiments ͓Fig. 3͑b͔͒ also suggest that both spectral features-DL and NBE-belong to a single phase.
Alternative processes could account for the dependencies in Figs. 3 and 4 . Thus, one can speculate that the relatively lower efficiency of the NBE radiative recombination is due to a higher surface concentration of nonradiative recombination centers. However, such nonradiative recombination is commonly observed to decrease all spectral features and this is not detected here. Similarly, the expected type conversion from p-to n-type at the surface could alter the balance of optical transitions involving donor-bound versus acceptorbound transitions observed via LEEN. However, energy band simulations 19 indicate that such a type of conversion occurs over hundreds of nm, whereas the near-surface defect intensities decrease strongly over tens of nm. The effect of reversed minority type on the LEEN spectra deserves further consideration and will be discussed elsewhere.
In the case of the CdS/CIGS interface ͑Figs. 5 and 6͒, we observe similar variations of the DL versus NBE emission intensities with the depth of excitation. In contrast to Fig. 3 , the DL of CIGS is obscured by the interference phenomena. The latter can be explained well by resonance effects due to the CIGS optical cavity on DL radiation excited in the CIGS. Positions of the fringes are consistent with interference maxima in a cavity with a dielectric constant of 2.8 and a thickness of 2.5 m, both corresponding well to the properties of the CIGS layer. Occurrence of this resonance phenomenon in the Mo/glass-based samples may be related to specific reflective properties of the CIGS/Mo interface. The presence of the fringes implies a low-energy emission from the CIGS ͑since it is observed in both polycrystalline samples͒. Figure 6͑a͒ groups our LEEN results for epilayer and polycrystalline samples. Their comparison reveals a strong resemblance of the DL emission, notwithstanding the interference in the CIGS/Mo structure. We believe that the same defect, or a group of defects, is responsible for this luminescence feature, although its relative ͑compared to the NBE͒ intensity is significantly weaker in the polycrystalline samples. The differences in the NBE peak energy are due to different stoichiometry.
One can also see the DL-related emission localized in a thin CdS overlayer. The nature of this DL emission is com-monly associated with sulfur vacancies. 21, 22 Moreover, the intensity of this emission seems to be stronger at the CdS free surface.
Analysis of the LEEN spectra for the polycrystalline CIGS not capped with CdS ͓see Fig. 6͑b͔͒ indicates that the relative integrated intensity of this DL radiation exhibits a depth dependence similar to that shown in Fig. 4 for the CIGS/GaAs epilayers. This result further substantiates a distinct surface behavior. Comparison of the LEEN spectra for the polycrystalline CIGS with and without a CdS overlayer suggests that the CdS/CIGS heterojunction does not yield any radiative transitions associated specifically with the interface states and the band offsets. However, one should be cautious in comparing the LEEN results obtained on epitaxial CIGS/GaAs versus polycrystalline CdS/CIGS/Mo/glass samples. The samples were prepared using different growth techniques that might have produced significant structural and compositional differences. Additional experiments are in progress to establish details of the differences between epitaxial and polycrystalline layers.
The depth dependence of the CIGS emission intensity spectra in Fig. 5 can also provide an estimate of the diffusion length of minority carriers within the CdS overlayer. The Monte Carlo simulations provide the expected range of excitation, whereas the LEEN spectra indicate the range of excitation plus diffusion of minority carriers. Hence, at the E B for which LEEN spectra show the exponential onset of CIGS NBE emission, the difference between these two lengths yields the diffusion length. For the CdS/CIGS sample studied here, the CdS thickness of ϳ60 nm minus the ϳ20 nm excitation depth interpolated to occur at ϳ1.0 keV, yields a diffusion length of holes within the CdS overlayer of ϳ40 nm.
The aforementioned results are consistent with solar cell performances for devices fabricated on similar samples. Typical solar cells produced from epilayer samples are 6%-8% efficient, while the record cells are nearly 19% efficient. The primary factor limiting the performance of both types of devices, based on device modeling, is recombination in the space-charge region. Both materials studied here show evidence of DL emissions, which increase near the sample surface ͑i.e., in the space-charge region͒. The DL emission from the epilayers is relatively strong and occurs at a rather specific energy compared to the NBE emission, while the polycrystals show a weaker emission relative to the NBE feature, superimposed with interference effects. The relative strength of the DL emissions are consistent with transient capacitance measurements. 17 Taken together, this suggests that the LEEN method described here may provide sufficient sensitivity to detect DLs, even in the best device layers currently available.
V. SUMMARY
CIGS epilayers grown with different orientations and similar chemical compositions on GaAs substrates exhibit large differences in surface morphology. Nevertheless, these CIGS epilayers reveal similar surface and subsurface electronic properties, namely the formation of a top layer tens of nanometers thick. CIGS band gap energies measured are consistent with predictions for the specific stoichiometries investigated. Because of its presence in the outer layers of the CIGS, the DL feature is likely to have an impact on device performance. Such a feature is readily detected by LEEN, which is attractive as a nondestructive technique that could be applied in situ in a process line for diagnostics and process control. In addition, depth dependent LEEN gives a measure of a minority carrier diffusion length in the CdS nanoscale overlayer.
